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ABSTRACT

The Sultandagi Fault is an active dip-slip normal fault bounding the southeastern border of the NW-SE striking Afyon-Aksehir Graben,

an actively growing rift area in western Anatolia. The historical and instrumental earthquake record suggest the existence of a large num-

ber of earthquakes that created surface ruptures in this system. The recent activities of the Sultandagi Faul twere evidenced bytwo earth-

quakes that occurred on February 3, 2002 (Mw=6.3 and Mw=6.0) and caused a surface rupture up to 26 km along with an approximately

30 cm vertical displacement. The possible continuation of this earthquake migration towards the west, seismic gaps existing in the re-

gion, the presence of historical destructive earthquakes, and the active faults reveal the seismic hazard around the province of Afy-

onkarahisar. In this study, we determined the fault activities and stress directions in the western part of the Sultandagi Fault by comparing

the results from the Palaeostress analysis of fault segments, focal mechanism solutions of recent earthquakes and geodetic analysis. The
geologic, geodetic and earthquake data all indicate that both northern and southern master faults of the middle part of the Afyon-Akse-
hir Graben are dip-slip normal faults and were shaped under a NW-SE and NE-SW-directed bimodal extensional tectonic regime during

the Quaternary-Holocenethe period.

1. INTRODUCTION

The Afyon-Aksehir Graben (AAG), approximately 4-
20 km wide and 130 km long, NW-SE striking, is de-
fined as an actively growing rift area and constitutes
the southeastern part of the Aksehir-Simav Fault Sys-
tem (ASFS), which is one of the most significant seis-
mogenic zones in the West Anatolian Extensional
Province (Figure 1) [Kocyigit, 1984; Kocyigit et al.,
2000; Kogyigit and Ozacar, 2003]. The historical and
instrumental earthquake records suggest the existence
of many destructive earthquakes that created surface
ruptures in AAG. The last surface-rupturing earth-
quakes (Mw=6.3 and Mw=6.0) occurred on February

3, 2002 along the Sultandag: Fault, which controls the
southeastern margin of AAG. The total surface rupture
that developed during these earthquakes was approx-
imately 26 km with the maximum vertical displace-
ment being 30 cm [Emre et al., 2003; Akyiiz et al.,
2006]. In the literature, these earthquakes are consid-
ered to be part of seismic migration advancing in the
NW direction on the Sultandagi Fault and influenced
by the earthquakes in the east of AAG particularly the
Doganhisar-Ilgin earthquake that occurred in 1921,
followed by the Argithanli earthquake in 1946, and
the Sultandagi earthquake in 2000 [Demirtas et al.,
2002; Emre et al., 2003] (Figure 1).

There are only limited number of studies on the ac-
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FIGURE 1. a) Tectonic outline of the eastern Mediterranean area (compiled from Kaymakci, 2006 and Ozkaymak, 2015). Abbrevia-
tions: ASES, Aksehir Simav Fault System; DSFZ, Dead Sea Fault Zone; EAFZ, East Anatolian Fault Zone; NAFZ, North
Anatolian Fault Zone; NEAFZ, Northeast Anatolian Fault Zone. b)The geology map of AAG and its immediate vicinity
(issued from Turan, 2002, Emre et al., 2011, Tiryakioglu et al., 2015, szaymak et al., 2017] showing the epicenter dis-
tributions and the results of the focal mechanism of some of the earthquakes that occurred during the instrumental pe-
riod. Abbreviations: CFZ: Cobanlar Fault Zone; IsFZ: Isiklar Fault Zone; BF: Bolvadin Fault; BkF: Biiyiik Karabag Fault;
CuF; Cukurcak Fault; YF: Yarikkaya Fault; KuF: Kumdanl Fault; GF: Gelendost Fault; KoF: Kocbeyli Fault; ArF: Anzhi
Fault; UF: Uluborlu Fault; TF: Tatarli Fault.

tive tectonics of AAG with most examining the period Emre et al., 2003; Kocyigit and Ozacar., 2003; Ozden et
after the 2002 Cay earthquakes [Demirtag et al., 2002; al., 2002; Yiiriir et al., 2003; Ulusay et al., 2004; Akytiz
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FIGURE 2. Tectonic GNSS Network.

et al., 2006, Aktug et al. 2010]. In these studies, the main
focus is on the kinematic properties and geometry of
the active tectonic structures and the seismic source of
the 2002 Cay earthquakes in AAG. However, it is still
not clear whether the NW-migrating earthquake fail-
ures that started in 1921 during the instrumental period
on the Sultandagi Fault will move in the NW direction
in future. The first palaecoseismological study on the ac-
tive Sultandag: Fault in AAG was conducted by Akytiz
et al. [2006], who reported two events with similar dip-
slip properties to the 2002 Cay earthquake; one in the
Maltepe trench after AD 1150 and the other in the Cay
trench before AD 760. The authors stated that parts of
the Sultandag1 Fault had not ruptured in the instru-
mental period. Therefore, they suggested that moder-
ate-sized earthquakes could be expected in future.
However, other studies indicate that there is a seismic
gap around Afyonkarahisar province located in the
northwestern part of AAG [Demirtas et al., 2002; Kocy-
igit et al., 2002; Emre et al., 2003]. These controversial
reports reveal the importance of undertaking further ac-
tive tectonic studies in the western part of AAG within
the regional tectonic framework of western Anatolia.
The first comprehensive study in the region was con-
ducted by Aktug et al. in 2009, who used GNSS obser-
vations to determine the extent of deformation created
by the 2002 earthquakes. In the present study, we aimed

to examine the velocity field of the current plate in the
western part of the Sultandagi Fault. To this end, GNSS
data of the fault was collected to determine the extent
and directions of the strain in the region. Furthermore,
the palaeostress field orientations of the active faults in
AAG were used to create a kinematic framework of
faulting that developed in AAG during the Pliocene-
Quaternary period.

2. GNSS OBSERVATIONS AND STRAIN ANALY-
SIS

A GNSS network has been established to performed
strain analysis in the region. The GNSS network con-
tains a total of 27 sites, of which 19 are campaign-type
ground sites and the remaining 9 are Continuously Op-
erating Reference Stations (CORS) (Figure 2).

In this study, the GNSS network was surveyed dur-
ing three GNSS campaigns that took place between Oc-
tober 2012 and October 2015. All the GNSS
measurements were collected simultaneously with min-
imum 8 hours data per day at a sampling rate of 15 sec-
onds. In this project, receivers which can record GNSS
data were used (Table 1).

Using the given parameters, the GNSS observations
were collected on the network with Ashtech and Thales
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Number Firm
Ashtech Z-Xtreme

Instrument

Geodetic GNSS Rec 7 with Geodetic
Antenna IV
Geodetic GNSS Rec 3 Thales Z-Max and

Antenna

TABLE 1. GNSS Equipment.

GNSS receivers A ground monument (SULT site) and a
pillar (NRBY Site) facilitated by the network are shown
in Figure 3.

The collected GNSS data was processed using the

FIGURE 3. Ground monument (A-SULT Site), pillar (B-NRBY Site)

satellite orbits, atmospheric zenith delays, and earth ro-
tation parameters using carrier phase measurements and
pseudo-range observations. GLOBK utilizes a KALMAN
filter to estimate the velocity of the measurement sites
[Herring et al. 2010]. During the analysis, L3, the iono-
sphere-independent linear combination of the L1 and
L2 carrier waves, was used. The FES2004 OTL grid al-
lowed interpolating the Ocean Tide Loading (OTL) com-
ponents from a global grid [Lyard et al. 2006; Herring
et al. 2010; Ozener et al. 2012, Tiryakioglu, 2015]. Data
from all measurements was processed using the Eurasia-
Fixed International Terrestrial Reference Frame
(ITRFO8_EURA).

Station City/Country
MATE Matera, Italy
NICO Nicosia, Cyprus
NSSP Yerevan, Armenia
MERS Mersin, Turkey
CRAO Simeiz, Ukraine
TEHN Tahran, Iran
ANKR Ankara, Turkey

Station City/Country
ZECK Zelenchukskaya, Russia
SOFI Sofia, Bulgaria
ISTA Istanbul, Turkey
GLSV Kiev, Ukraine

RAMO Mitzpe Ramon, Israel
BUCU Bucharest, Romania
TELA Tel Aviv, Israel

TABLE 2. IGS stations used in analysis.

GAMIT (GPS Analysis))/GLOBK (GLOBal Kalman) soft-
ware developed by Massachusetts Institute of Technol-
ogy. The GAMIT module can estimate 3D coordinates,

The horizontal velocity components were estimated
according to the ITRF EURA fixed frames using a set of
14 International GNSS Service (IGS) sites. Table 2 lists
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Ve (mm/yr) Vy (mmfyr) (mrsn(;yr) (mmr}yr) First Epoch Last Epoch Ir&:;\sl Nur(r)ltt)):.r 0
AFBL 30.540 38.759 -21.33 -3.80 0.35 0.37 2012.52 2016.37 3.85 Cont.
AFKU 30.533 38.818 -19.97 -2.02 0.46 0.50 2012.52 2016.37 3.85 Cont.
AFYN 30.561 38.738 -19.91 -4.26 0.33 0.36 2008.75 2016.37 7.62 Cont.
AKHR 31.430 38.369 -20.43 -4.20 0.28 0.30 2008.75 2016.37 7.62 Cont.
AKTL 31.049 38.697 -19.24 -3.03 0.93 1.08 2012.77 2016.37 3.6 4
ATIK 30.644 38.769 -21.21 -1.43 1.07 1.06 2012.77 2016.37 3.6 4
BOLV 31.029 38.728 -20.53 -0.93 0.63 0.73 2012.77 2016.37 3.6 5
BYKR 31.227 38.731 -24.37 -9.63 0.63 0.72 2012.77 2016.37 3.6 3
DGRM 30.823 38.636 -18.61 -3.96 0.98 1.19 2012.77 2016.37 3.6 4
DSLI 31.008 38.787 -19.43 -4.31 0.80 0.95 2012.77 2016.37 3.6 4
EBER 31.160 38.613 -17.54 -2.93 0.72 0.84 2012.77 2016.37 3.6 5
EFEK 30.642 38.589 -21.31 -2.74 0.56 0.63 2012.77 2016.37 3.6 4
EMIR 31.144 39.022 -20.64 -2.47 0.28 0.31 2008.75 2016.37 7.62 Cont.
GYNK 30.851 38.779 -19.97 -4.19 0.81 0.99 2012.77 2016.37 3.6 4
HOYK 30.620 38.711 -23.89 -1.73 0.16 0.20 2006.57 2016.37 3.6 6
HVAL 31.035 38.693 -19.90 -4.43 0.61 0.68 2012.77 2016.37 3.6 4
KDKY 30.919 38.642 -21.22 -4.03 0.77 0.90 2012.77 2016.37 3.6 4
KRAS 30.652 38.674 -17.08 -3.62 0.79 0.92 2012.77 2016.37 3.6 4
KRCV 30.970 38.730 -18.15 -3.49 0.76 0.91 2012.77 2016.37 3.6 5
KRYK 31.104 38.784 -20.32 -4.68 0.86 1.02 2012.77 2016.37 3.6 4
KZLD 30.803 38.591 -20.87 -2.75 0.99 1.10 2012.77 2016.37 3.6 3
NRBY 30.546 38.501 -20.23 -6.48 0.76 0.90 2012.77 2016.37 3.6 4
ORGA 30.615 38.674 -19.76 -3.93 0.62 0.70 2012.77 2016.37 3.6 4
SEKA 30.563 38.792 -21.79 -2.87 0.67 0.77 2012.77 2016.37 3.6 4
SHUT 30.898 38.547 -18.86 -4.66 0.26 0.31 2008.72 2013.67 4.95 6
SULT 31.026 38.519 -30.17 -2.99 0.98 1.10 2012.77 2016.37 3.6 3
YUNA 31.726 38.820 -19.41 -2.45 0.28 0.31 2008.75 2016.37 7.62 Cont.

TABLE 3. Site name, period of observation and Horizontal velocities and corresponding 10 errors in the Eurasia Fixed Reference

Frame.
the names of the IGS stations used in the analysis. GAMIT module for the Global stabilization procedure.
Suitable IGS stations were investigated to use in the In this stage, the IGS stations that provided the best re-
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FIGURE 4. Velocities and their uncertainties with respect to the Eurasia-fixed reference frame.
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sults after producing four iterative solutions were se-
lected as the stabilization stations. The precise coordi-
nates were obtained using a trend analysis of the
time-series in the KALMAN filtering technique of the
GLOBK program to ensure stabilization for the deter-
mination of the velocity vectors of the stations. The post
root mean square (RMS) values of velocity calculated
after GLOBK stabilization were obtained as 0.4 mm/yr
for the Eurasian plate under 1 mm/yr. At the end of as-
sessments, the Eurasian plate was accepted as stable and
the velocity values obtained are given in Table 3 and
Figure 4. Figure 5 show ITRF 2005 time-series of posi-
tions for two stations Continously and Campaing,
namely AFKU and ORGA (Table 3).

A strain analysis was conducted with the geodsuit
software package using the current velocity field of the
region [GeodSuit 2017].

The relationship between the velocities and strain
parameters obtained by GNSS measurements can be
written as:

u=Lx+t (1)

Where, u: the site velocities, ¢ : translational veloci-
ties, x: position vector, and L: the deformation tensor
due to the annual variation of the strain parameters
(é) and the solid block rotations (n;). L tensor can be
written as (Feigl, 1990);

L=¢+® )

The relationship between the w and e and strain pa-
rameters can be written as (Turcotte and Schubert,
1982);

1 u. .
i== o, % vizjaw,=0,i=] (3)
2{0x; ox,
s 1 aui_‘_auj
72\ ax, ox, (4)

Wherein the partial derivatives correspond to those
gradients that north and east directions. A covariance
weighted method has been used to obtain the strain
rates from the GNSS velocities (Shen et al., 1996). In
this method, the effect of the surrounding GNSS veloc-
ities in calculating the strain velocities at any point can
be modelled as follows;

(5)

-2 -2

ARid

Cy=0yexp™———
0’D

where Qij covariance matrix of used velocities, are the

XXXX XXX XXX

position vectors to the x and y coordinates of the GNSS
points. o, is the smoothing factor used for positional
smoothing such that when 0y is taken as 50 km, then
the contribution of a point located at a distance of 25
km is around 809%. In the calculations, considering the
density of the network o, is taken 50 km as a priori and
is iteratively updated at each grid point based on the
resolution of the reweighted data set following (Shen et
al., 1996).

In this study, a two-dimensional strain analysis was
performed due to the lack of desired accuracy for a
three-dimensional analysis using the GNSS technology.
The study area was divided into a 5x5 km grid and
strain fields were determined for each grid. The stations
that had data from two campaign times were excluded
from further analysis. The resulting strain field is pre-
sented in Figure 6.

3. KINEMATIC ANALYSIS

The faults controlling the northern and southern
margins of AAG mainly represent the structural contact
between pre-Quaternary basement rocks and modern
basin fills (Figure 1b). The middle part of AAG con-
sists of many WNW-ESE-striking parallel/sub-parallel
dip slip normal fault segments with a typical maxi-
mum length in the range of 5-15 km. One of the
northern bounding fault zones is the Cobanlar Fault
Zone (CFZ), which extends approximately 30 km and
strikes in the WNW-ESE direction between Afy-
onkarahisar and Bolvadin (Figure 1b, Figure 7a). On
the opposite side of CFZ, the southern margin of AAG
is represented by the Isiklar Fault Zone extending ap-
proximately 15 km in the WNW-ESE between Afy-
onkarahisar and Cay. Numerous north-dipping
quasi-parallel normal fault segments form a step-like
geometry (Figure 7b). In the SW of Cay, many NE-SW-
striking dip-slip normal faults form the Karamik Qua-
ternary Graben, which extends in a direction
perpendicular to AAG. The southeastern margin faults
exhibit prominent Quaternary fault scarps and repre-
sent the structural contact between pre-Neogene base-
ment rocks and modern graben fill. The northwestern
side has a relatively gentle morphology but the bound-
ary fault can easily be followed between Neogene clas-
tics and modern graben fill (Figure 1b). The main
southern boundary fault is represented by 100 km long
Sultandagi Fault. The footwall of the fault, Sultan-
dag1 High, has the highest peak (2.675 m) in Middle-
Western Anatolia and is represented by pre-Neogenie
metamorphic rocks mainly consisting of phyllites and
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A field view of the Bolvadin Fault (BF) (f) A close image of the BF plane demonstrating slickensides.



schists. Along the mountain front, well-developed al-
luvial fans, triangular facets and v-shaped drainage
basins indicate that the Sultandagi mountain front is
tectonically active. Many north dipping fault surfaces
exhibit well-preserved striation and fault-related
structures along the mountain front. The opposite side
of the graben is controlled by several NE-SW-trending
normal fault segments such as Bolvadin, Biiyiik
Karabag and Cukurcak Faults (Figure 1b, Figures 7c,d,e
and f).

4. FAULT-SLIP DATA

The stress field orientations of master faults bound-
ing the middle part of AAG were evaluated in terms of
kinematics and the stress history of the region. The
structural relationships between striations and fault-
plane related structures were used for the assessment
of age relations and sense of motion. The fault-slip
data were analyzed using the stress inversion method
developed by Angelier [1984, 1991, 1994] and com-
puted with the software by Hardcastle and Hills [1991].
At Station A (middle part of CFZ), the stress analysis
of the fault-slip measurement shows an approximately
vertical o1 axis plunging at 72° whereas the 02 and 63
axes were almost horizontal plunging at 14° and 11°,
respectively (Figure 8 and Table 4). Similarly, the stri-
ation set on the eastern slip surfaces of CFZ (at Station
B) displayed 02 and o3 orientations of 280°/14° and
159°/03° (trend/plunge), respectively, with an almost
vertical o1 axis plunging at 74° and trending at 123°
(Figure 8 and Table 4). The results suggest that dip-
slip normal faulting is consistent with an approxi-
mately NNW-SSE and NNE-SSW-trending extensional

No Fault Number of slip data 1

A Cobanlar Fault 09 124/72
Zone

B Cobanlar Fault 08 123/74
Zone

c Isiklar Fault 13 271/83
Zone

D  Karamik Graben 10 121/72

E  Sultandag Fault 10 251/84

F  Sultandag Fault 09 192/78

G Bolvadin Fault 10 351/81

H  Cukurcak Fault 10 012/83

XXXX XXX XXX

stress regime. The kinematic data collected from the
eastern branches of IsFZ (Station C) yielded a nearly
vertical o1 axis (83°) trending 271° whereas the 02 and
03 axes have the attitudes of 069°/06° and 159°/03°,
respectively (Figure 8 and Table 4). This suggests the
existence of a NW-SE extension.

Station D was located on the southeastern margin
of the Karamik Graben (Figure 8). The results of the
fault slip measurements at Station D demonstrate a
relatively steeply plunging o1 axis (72°) but sub-hor-
izontal 03 axes (18°), and the orientation of the 02
axis was 017°/04°. The fault slip measurements from
the Karamik Graben were consistent with a NW-SE ex-
tensional tectonic regime.

We used kinematic data from the Sultandag:i Fault
at two stations (E and F, Table 4, Figure 8). The orien-
tations of the computed principal stresses were as fol-
lows: o1 is almost vertical at both stations (78° and
84°, respectively) while 02 and 03 were sub-horizon-
tal (Table 4). The stress trajectories orientations along
the fault suggest an approximately NNE-SSW and NE-
SW-directed extension.

The fault slip data collected from Station G along
the Bolvadin Fault included a nearly vertical o1 axis
(81°) whereas the 62 and 03 axes have the attitudes of
240°/03° and 149°/09°, respectively. The results show
that Bolvadin Fault is a nearly pure dip-slip normal
fault and the extension at Station G is oriented in the
NW-SE direction (Figure 8 and Table 4). At Station H
located on the NE-SW-striking Cukurca Fault, the in-
verse stress analysis of the fault slip measurement
show an approximately vertical o1 axis plunging at
83° and almost horizontal 02 and 03 plunging at 02°
and 07°, respectively. This result indicates an approx-
imately NW-SE extension on the Cukurcak Fault.

2 3 Max ANG
264/14 357/11 0.511 13
280/14 011/06 0.150 20
069/06 159/03 0.171 19
017/04 286/18 0.028 12
103/05 012/03 0.615 09
311/06 043/11 0.130 09
240/03 149/09 0.380 05
267/02 177/07 0.456 05

TABLE 4. Results of the Palaeostress analysis on the measurements of slickensides in the study area (see Figure 8 for
locations). Abbreviations: Max ANG: Maximum misfit angle



TIRYAKIOGLU ET AL.

O| ™o dextral

o o, X o, Ag,
& \ sinistral

5 _ ®,, extension *‘contractaon
|\ dip-slip

FIGURE 8. (a) Palaeostress analysis performed on the studied faults by using of the sofware Angelier [1984, 1991, 1994] and Hard-
castle and Hills [1991]. The equal-area lower-hemisphere stereoplots illustrate the fault-slip surface, slip direction and
principal stress axis orientations data and the position of principal stress axes. Large circles are the fault surfaces and
the arrows are striations (see Table 4 for details and Figure 9 for locations).

5. EARTHQUAKE DATA

For the instrumental period, five focal mechanism
solutions of moderate size and destructive earthquakes
have been reported along the Sultandagi Fault and the
surrounding area (Table 5, Figure 1b). The focal mech-
anism solution of the 2000 Sultandagi earthquake
(Mw=6.0) indicates the existence of a NE-SW on the
Sultandag1 Fault (1, Table 5, Figure 1b). The data from
the 2002 Cay (Mw=6.3), 2009 Ortakarabag (Mw=3.8)
and 2016 Bolvadin (Mw=3.8) earthquakes shows that
the recent activities along AAG are related with a NW-
SE-directed almost pure extension (2, 18 and 20 in
Table 5, Figure 1b) while the focal mechanism solution
of the 2002 Cay earthquake (Mw=6.0) suggests an ap-
proximately WNW-ESE-directed extension (3 in Table 5,
Figure 1b).

6. DISCUSSION AND CONCLUSION

Based on the obtained velocity field shown in Figure
4, it was found that the study area moves towards west
at an average annual velocity of 20 mm respect to the

Eurasian reference system. These results are in agreement
with those of other studies conducted in the region. The
strain fields were determined using the velocities obtained
from the assessment of GNSS observations. These strain
fields indicated the dominance of a N-S extension regime
of the western part of the region. The strain values in the
western part of the region were at a maximum level
while those in the eastern part were found to be very low.

There was a slight strain in the form of a NW-SE ex-
tension in the west part of the region. It was interesting
to determine small strain values particularly in the
Bolvadin region. It is considered that this strain was
formed by the earthquakes of a 6.3 magnitude that oc-
curred around Bolvadin in 2002. This is supported by
several studies that have reported that the 2002 earth-
quakes caused an energy transfer towards west [Demir-
tas et al. 2002; Kogyigit et al. 2002; Yiiriir et al., 2003;
Ergin et al. 2009] as demonstrated in the results of the
strain analysis.

Palaeostress analysis were conducted on the bound-
ary faults of the middle part of AAG to determine the
stress directions on the faults during the neotectonic pe-
riod. The fault-slip data indicate that both northern
and southern master faults of AAG are dip-slip normal
faults and were shaped under a NW-SE and NE-SW bi-
modal extensional tectonic regime during the Quater-
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Direction of

Coordinate

Location Mag. (Mw)
1 15.12.2000 Sultandagi 6.0
2 03.02.2002 Cay 6.3
3 03.02.2002 Kadikoy 6.0
4 03.02.2002 Kadikoy 4.6
5 13.05.2002 Eber 4.3
6 26.06.2002 Eber Goli 4.2
7 05.08.2002 Derekarabag 4.3
8 03.07.2004 Derecine 4.5
9 08.08.2004 Cukurcak 3.8
10 07.09.2004  Derekarabag 4.5
11 16.09.2004  Derekarabag 4.3
12 08.11.2004 Kadikay 4.2
13 15.05.2005  Degirmendere 4.2
14 08.11.2006 Kizildag 3.3
15 19.04.2007 Tasképrii 4.0
16 06.05.2007 Kadikoy 3.3
17 18.01.2009 Eydemir 3.5
18 15.09.2009 Ortakarabag 3.8
19 21.12.2009 Derekarabag 3.7
20 18.10.2016 Bolvadin 3.8

a7 Lat.(N)-Long.(E)  Extension References

5.8 38.59-31.16 NE-SW 1,3,4,5,7,8
10.0 38.58-31.25 NW-SE 1,3,4,5,8
10.0 38.69-30.84 NW-SE 1,3,4,5,8
10.0 38.64-31.00 NW-SE 8
8.7 38.59-31.12 NE-SW 8
17.7 38.66-31.18 NE-SW 8
10.0 38.68-31.20 NE-SW 8
13.0 38.50-31.33 NW-SE 8
7.5 38.70-31.35 NE-SW 8
10.0 38.69-31.20 NE-SW 8
10.0 38.69-31.19 NW-SE 8
16.0 38.67-30.92 N-S 8
1.3 38.61-30.78 NE-SW 8
12.0 38.55-30.79 NE-SW 8
18.1 38.57-31.25 NE-SW 8
18.5 38.66-30.86 NE-SW 8
15.0 38.81-31.40 NW-SE 8
2.00 38.70-31.27 NW-SE 1,6
14.8 38.68-31.21 NW-SE 8
9.00 38.69-31.06 NW-SE 2,6

TABLE 5. Results of the focal mechanism solutions of earthquakes that occurred in AAG (see Figure 1b for locations). References:
1) EMSC, (2016) 2) Pnar, (2016), 3) Erdik et al., (2002), 4) USGS, (2016), 5) Tan et al., (2008), 6) KANDILLI, (2016), 7) Tay-

maz and Tan., (2001), 8. Kalafat and Gorgiin, 2017

nary period. The bimodal extension in AAG is also ev-
idenced by the focal mechanism solutions of the recent
earthquakes in the region. The stress direction data of
the palaeostress analysis, focal mechanism solutions of
recent earthquakes and GNSS analysis related to the Sul-
tandag1 Fault are almost consistent. Similar to the results
of the analysis on the 2000 Sultandag1 earthquake
(M,,: 6.0) (1 in Figure 9 and Table 5) indicating a NE-
SW-directed extensional tectonic regime in the south of
Lake Aksehir, the palaeostress analysis of the Sultandagi
Fault around Cay (E and F, Figures 8,9 and Table 4) sug-
gest NW-SE trending normal faulting consistent with a
NE-SW extensional stress regime. According to the
GNSS analysis, in the same region, the stress was also
in the NE-SW direction (Figure 9). Similar extension di-
rections are also obtained from the analysis of recent
earthquakes with magnitudes of 3.3 to 4.2 in the last
decades occurred in the hanging wall of the Sultandag:
Fault (e.g. 6,7, 13,14, Figure 9). Besides this, results of
focal mechanism solutions of some recent earthquakes
occurred in the middle part of the AAG, (e.g. 5, 10, 15,
16) show that some recent earthquakes predominantly
have strike-slip mechanisms. Strike-slip deformation in
rift basins may develop in transfer faults constituting

linkage between two adjacent crustal sectors undergo-
ing differential extension (e.g. Gibbs, 1990; Peacock et
al., 2000; Acocella et al., 2005). This type of local con-
tractional strains are also seen in GNSS strain analysis
(Figure 9) and probably be associated with the occur-
rence of transfer faults linking to NE-SW and NW-SE-
striking normal faults in the middle part of the AAG.
This possibility should be carried out in further works in
the region. The results of the inverse analysis of the
fault-slip measurements along the Bolvadin and Cukurca
faults revealed a steeply plunging 03 axis and a NW-SE
extension (G and H, Figures 8,9 and Table 4) during the
2016 Bolvadin (20 in Figure 9 and Table 5), 2009 Ey-
demir, Ortakarabag and Derekarabag (17,18 and 19 in
Figure 9 and Table 5) 2004 Derekarabag (20 in Figure 9
and Table 5) earthquakes. The NW-SE-directed exten-
sional active tectonic regime around the Bolvadin and
Eber areas are also evidenced by the results of the GNSS
analysis in the present study. The palaeostress analysis
along the NE-SW striking boundary faults of the
Karamik Graben and the focal mechanism solution of
the 2002 Cay Earthquake (Mw=6.0) indicate the exis-
tence of a NW-SE extensional stress (3 and D in Figure
9). However, the GNSS calculations for this region indi-
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FIGURE 9. Superposed strain area based on palaeostress and earthquake data

cate a NE-SW-directed extension and a NW-SE-directed
compression at a minimal level. The reason for the dif-
ference between the and the
palaeostress/earthquake data is the superposing point of
different tectonic blocks of the region and can be ex-
plained using the varying velocity (Figure 9, strain data).

Along the eastern part of the Isiklar and Cobanlar
Fault Zone, the palaeostress analysis indicate that these
normal faults have been formed under the control of a
NNW-SSE to NNE-SSW extension. However, focal mech-
anism solutions of some recent earthquakes in this re-
gion (13,14,15 Figure 9 and Table 5) clearly testify to
NE-SW-directed extensional stress which is compatible
with the regional extension obtained from the GNSS
analysis (Figure 9). This may be explained by clockwise
rotation of the along the Sultandagi Fault. The rotation of
the 03 from NNW-SSE to NE-SW direction in this re-
gion seems to be resulted in recent activations of the
western part of the Sultandag1 Fault which evidenced by
the 2002 Cay Earthquakes (Mw:6.0 and 6.3).

strain directions
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